Homer proteins mediate the interaction between STIM1 and Cav1.2 channels  by Dionisio, Natalia et al.
Biochimica et Biophysica Acta 1853 (2015) 1145–1153
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamcrHomer proteins mediate the interaction between STIM1 and
Cav1.2 channelsNatalia Dionisio a, Tarik Smani b, Geoffrey E. Woodard c, Antonio Castellano b,
Gines M. Salido a, Juan A. Rosado a,⁎
a Department of Physiology (Cell Physiology Research Group), University of Extremadura, 10003 Cáceres, Spain
b Department of Medical Physiology and Biophysic, Institute of Biomedicine of Sevilla, Sevilla, Spain
c Department of Surgery, Uniformed Services University of the Health Sciences, Bethesda, MD, USA⁎ Corresponding author at: Department of Physiology,
Universidad s/n 10003-Cáceres, Spain. Tel.: +34 9272571
E-mail address: jarosado@unex.es (J.A. Rosado).
http://dx.doi.org/10.1016/j.bbamcr.2015.02.014
0167-4889/© 2015 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 6 November 2014
Received in revised form 28 January 2015
Accepted 16 February 2015
Available online 21 February 2015
Keywords:
Homer1
STIM1
Cav1.2 channels
Ca2+ entry
Protein–protein interactions
NifedipineSTIM1 is a ubiquitous Ca2+ sensor of the intracellular, agonist-sensitive, Ca2+ stores that communicates the
ﬁlling state of the Ca2+ compartments to plasma membrane store-operated Ca2+ (SOC) channels. STIM1 has
been presented as a point of convergence between store-operated and voltage-operated Ca2+ inﬂux, both
inducing activation of SOC channels while suppressing Cav1.2 channels. Here we report that Homer proteins
play a relevant role in the communication between STIM1 and Cav1.2 channels. HEK-293 cells transiently
expressing Cav1.2 channel subunits α1, β2 and α2δ–1 exhibited a signiﬁcant Ca2+ entry upon treatment with a
high concentration of KCl. In Cav1.2-expressing cells, treatment with thapsigargin (TG), to induce passive
discharge of the intracellular Ca2+ stores, resulted in Ca2+ inﬂux that was signiﬁcantly greater than in cells not
expressing Cav1.2 channels, a difference that was abolished by nifedipine and diltiazem. Treatment with TG
induces co-immunoprecipitation of Homer1 with STIM1 and the Cav1.2 α1 subunit. Impairment of Homer
function by introduction of the synthetic PPKKFR peptide into cells, which emulates the proline-rich sequences
of the PPXXF motif, or using siRNA Homer1, reduced the association of STIM1 and the Cav1.2 α1 subunit. These
ﬁndings indicate that Homer is important for the association between both proteins. Finally, treatment
with siRNA Homer1 or the PPKKFR peptide enhanced the nifedipine-sensitive component of TG response in
Cav1.2-expressing cells. Altogether, these ﬁndings provide evidence for a new role of Homer1 supporting the
regulation of Cav1.2 channels by STIM1.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
STIM1 is a type I transmembrane protein, mainly located in the
membrane of the endoplasmic reticulum, although it has been found
in other organelles [1], as well as the plasma membrane [2,3], that has
been presented as a key element in the activation of store-operated
Ca2+ entry, a major mechanism for Ca2+ inﬂux, by mediating the com-
munication of the ﬁlling state of the Ca2+ stores to the plasma mem-
brane channels [4–6]. The decrease in the luminal Ca2+ concentration
within the endoplasmic reticulum (ER), sensed via the EF-hand motif
of STIM1, results in STIM1 oligomerization and formation of punctuate
clusters underneath the plasma membrane [7,8].
STIM1 interacts and regulates store-operated Ca2+ (SOC) channel
gating, including Orai1 and TRPC members. Upon Ca2+ store depletion
the cytosolic region of STIM1, involving the SOAR region (amino acids
344–442) interacts with the ﬁrst and fourth transmembrane domainsUniversity of Extremadura, Av.
00; fax: +34 927257110.of Orai1, which results in Orai1 pore widening and facilitation of Ca2+
movement through the pore [9]. Furthermore, direct association
between STIM1 and TRPC channels has also been reported to involve
the SOAR region of STIM1 and the coiled-coil domains of TRPC proteins
[10], but gating of TRPC proteins by STIM1 requires electrostatic interac-
tion between the positively charged Lys684 and Lys685 of STIM1 polybasic
domain and the negatively charged TRPC1 Asp639 and Asp640 or TRPC3
Asp697 and Asp698 [11].
Recent studies have revealed that STIM1 interacts with the Cav1.2
channel through the SOAR region and attenuates its activity [12]; thus,
STIM1 has been hypothesized to induce SOC channel activation while
suppressing gating of Cav1.2 channels, which, in addition to electrically
excitable cells, have been found to be expressed in certain non-excitable
cells [13], in order to modulate Ca2+ signals.
Homer proteins belong to a family of adaptor proteins, including
Homer1, Homer2 and Homer3. Current evidence supports a role for
Homer1 and Homer2 in the regulation of Ca2+ homeostasis. Under
resting conditions, Homer1 has been reported to maintain the TRPC
channels in a closed conﬁguration, complexed with IP3 receptors and
Homer proteins in order to keep the channel in an inactive state [14].
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human platelets, where functional Homer is required for full STIM1/
Orai1 interaction [15]. Homer proteins contain a class II EVH1 [Ena
(Enabled)/VASP (vasodilator-stimulated phosphoprotein) homology
1] domain that recognizes and binds to a number of ligands, including
PPXXF or LPSSP [16,17], present in different Ca2+-handling proteins,
including TRPC channels [14], which exhibit two Homer-binding sites
named type 1 (PPXXF or PXXF) and atypical type 2 (LPSSP) motifs [16,
18].
Since STIM1 contains a PXXF motif [18], here we have investigated
the possible role of Homer proteins in the communication between
STIM1 and Cav1.2 channels. Our results indicate that Homer1 associates
both with STIM1 and the Cav1.2 α1 subunit upon Ca2+ store depletion.
In addition, Homer proteins are required for the association between
STIM1 and the Cav1.2 α1 subunit, which indicate a functional role for
Homer proteins supporting the interaction between STIM1 and Cav1.2
channels.
2. Material and methods
2.1. Materials
Fura-2 acetoxymethyl ester (fura-2/AM) and calcein were from
Invitrogen (Madrid, Spain). Thapsigargin (TG), sodium dodecyl sulfate
(SDS), rabbit anti-Homer1 antibody, nonidet P-40, nifedipine, diltiazem
and bovine serum albumin (BSA) were from Sigma (Madrid, Spain).
PPKKRR and PPKKFR were from Immunostep (Salamanca, Spain).
Protease inhibitor cocktail was from Roche (Madrid, Spain). Mouse
anti-STIM1 antibody was from BD Transduction Laboratories (Franklin
Lakes, NJ, U.S.A.). Rabbit anti-Cav1.2 α1 subunit antibody was from
Millipore (Darmstadt; Germany). Horseradish peroxidase-conjugated
goat anti-mouse IgG and goat anti-rabbit IgG antibodieswere purchased
from Jackson Immunoresearch (Suffolk, U.K.). Hyperﬁlm ECL was from
Amersham (Buckinghamshire, U.K.). Protein A-agarose was from
Upstate Biotechnology Inc. (Madrid, Spain). TransPass® was purchased
from Izasa (Madrid, Spain). SiRNA Homer1 was from Santa Cruz
Biotechnology (Dallas, TX, U.S.A.). Enhanced chemiluminescence detec-
tion reagents were from Pierce (Cheshire, U. K.). All other reagentswere
of analytical grade.
2.2. Cell culture and transfection
Human Embryonic Kidney cells (HEK-293 cells) were obtained
from ATCC (Manassas, VA, USA) and cultured at 37 °C with a 5% CO2
in DMEM (Dulbecco's modiﬁed Eagle's medium; Invitrogen) supple-
mented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine and
50 μg/mL gentamycin. For loading with dimethyl-BAPTA, cells were
incubated for 30 min with 10 μM dimethyl-BAPTA/AM.
At the time of the experiments cells were suspended in Basic Salt
Solution (HBS) containing (in mM): 125 NaCl, 5 KCl, 1 MgCl2, 5 glucose,
25 HEPES, and pH 7.3, supplemented with 0.1% (w/v) BSA.
Cell transfection with expression plasmids for rabbit cardiac muscle
Cav1.2 α1 and α2δ–1 subunits, and the rat β2 subunit, as well as with
the siRNA-Homer1 or scramble plasmid, was performed as described
previously [19] using TransPass®. When indicated, PPKKFR or PPKKRR
(1 μM) was added during transfection [15].
2.3. Immunoprecipitation and Western blotting
The immunoprecipitation and Western blotting were performed
as described previously [20,21]. Brieﬂy, 500 μL aliquots of HEK-293
suspension (1 × 107 cell/mL) was lysed with an equal volume of NP-40
buffer, pH 8, containing 274 mM NaCl, 40 mM Tris, 4 mM EGTA, 20%
glycerol, 2% nonidet P-40, 2 mM Na3VO4, 2 mM PMSF 100 μg/mL
leupeptin and 10 mM benzamidine.Aliquots ofHEK-293 cellular lysates (1mL)were immunoprecipitated
by incubation with 2 μg of either anti-STIM1 or anti-Homer1 antibody
and 25 μL of protein A-agarose overnight at 4 °C on a rocking platform.
The immunoprecipitates were resolved by 10% SDS-PAGE and sepa-
rated proteins were electrophoretically transferred onto nitrocellu-
lose membranes for subsequent probing. Blots were incubated for
1 h at room temperature with 10% (w/v) BSA in tris-buffered saline
with 0.1% Tween 20 (TBST) to block residual protein binding sites.
Immunodetection of STIM1, Homer1 and the Cav1.2 α1 subunit was
achieved using the anti-STIM1 antibody or the anti-Cav1.2 α1 sub-
unit antibody diluted 1:250 in TBST for 2 h and the anti-Homer1
antibody diluted 1:500 in TBST for 2 h, respectively, at room tempera-
ture. The primary antibody was removed and blots were washed six
times for 5 min each with TBST. To detect the primary antibody,
blots were incubated for 45 min with the appropriate horseradish
peroxidase-conjugated secondary antibody diluted 1:10,000 in TBST
and then exposed to enhanced chemiluminiscence reagents for 4 min.
Blots were then exposed to photographic ﬁlms. The density of bands
on the ﬁlm was measured using scanning densitometry and analyzed
using ImageJ software for gel analysis from NIH (USA). Data were
normalized to the amount of actin protein or the amount of protein
recovered by the antibody used for the immunoprecipitation.
For each antibody-based immunoprecipitation we performed an
antibody-free, protein A-agarose only control in order to ensure that
the proteins immunoprecipitated are not pulled down by protein
A-agarose itself. In addition, for each antibody used in Western blotting
a primary antibody-free control was carried out to conﬁrm that the
detection is speciﬁc andnot due tonon-speciﬁc binding by the secondary
antibody (data not shown).
2.4. Measurement of cytosolic free-Ca2+ concentration ([Ca2+]c)
Cells were loadedwith fura-2 by incubationwith 2 μM fura 2/AM for
45 min at 37 °C [22]. Coverslips with cultured cells were mounted on a
perfusion chamber and placed on the stage of an epiﬂuorescence
inverted microscope (Nikon Diaphot T200, Melville, NY, USA) with
image acquisition and analysis system for videomicroscopy (Hamamatsu
Photonics, Hamamatsu, Japan). Cells were continuously superfused with
HBS. Cells were alternatively excited with light from a xenon lamp
passed through a high-speed monochromator (Polychrome IV, Pho-
tonics, Hamamatsu, Japan) at 340/380 nm. Fluorescence emission
at 505 nm was detected using a cooled digital CCD camera (Hisca
CCD C-6790, Hamamatsu, Japan) and recorded using Aquacosmos
2.5 software (Hamamatsu Photonics, Hamamatsu, Japan). Changes
in [Ca2+]c recorded with fura-2 are expressed in relation to initial
ﬂuorescence after subtraction of background (F/F0) [23].
Ca2+ mobilization was estimated as the peak ΔF340/F380 fura-2
ﬂuorescence after addition of thapsigargin (TG) or KCl.
2.5. Statistical analysis
Statistical signiﬁcance was analyzed using one-way ANOVA com-
bined with the Dunnett tests. For comparison between two groups
Student's t test was used. p b 0.05 was considered to be signiﬁcant for
a difference.
3. Results
3.1. Transient expression of Cav1.2 subunits α1, β and α2δ–1 in HEK-293
cells induce nifedipine and diltiazem-sensitive Ca2+ entry
HEK-293 cells were transiently transfected with Cav1.2 subunits α1,
β and α2δ–1. Expression of Cav1.2 channels was tested by Western
blotting using a speciﬁc anti-Cav1.2 α1 subunit antibody, which re-
vealed that this protein was expressed in cells transfected with Cav1.2
subunits α1, β and α2δ–1 but not in mock-transfected cells (Fig. 1A).
Fig. 1. Expression of Cav1.2 subunits α1, β2 and α2δ–1 in HEK-293 cells induce nifedipine-sensitive Ca2+ entry. HEK-293 cells were transfected with Cav1.2 subunits α1, β2 and α2δ–1 or
mock plasmid, as indicated. After 72 h, cells were either lysed and subjected to Western blotting with anti-Cav1.2 α1 subunit antibody (A) or loaded with fura-2 and resuspended in HBS
containing 1mMCa2+ (B, D, E and F) or in a Ca2+-freeHBS (C; 200 μMEGTA added). Cellswere preincubated for 10min in the absence or presence of 0.5 μMnifedipine or 10 μMdiltiazem,
as indicated, and stimulatedwith KCl (45mM; B) or TG (1 μM; C–F). Elevations in [Ca2+]c weremonitored by using the 340-to-380 nm ratio as described inMaterial andmethods. Traces
shown are representative of six separate experiments.
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1148 N. Dionisio et al. / Biochimica et Biophysica Acta 1853 (2015) 1145–1153Functional expression of the Cav1.2 channel was tested by treatment of
transfected cells in the presence of 1 mM extracellular Ca2+with a high
concentration of KCl (45mM). As shown in Fig. 1B, addition of KCl to the
cell suspension resulted in elevation of [Ca2+]c (1.62±0.11ΔF340/F380,n= 62), an effect that was undetectable in cells transfected with mock
plasmid (n = 41), thus indicating that the rise in [Ca2+]c is mediated
by the activation of functional Cav1.2 channel. We have determined
the resting membrane potential of HEK-293 cells at values close
1149N. Dionisio et al. / Biochimica et Biophysica Acta 1853 (2015) 1145–1153to−50mV (−46.0± 5.4mV; n=4), consistent with the literature [24,
25]. Addition of 45mMKCl depolarized the cell 15.7 ± 2.6mV.We have
further recorded L-type Ca2+ currents starting froma restingpotential of
−50 mV and found that Cav1.2 channels are functional at−50 mV and
open in response to depolarization (data not shown).
Treatment of Cav1.2-expressing and mock-transfected cells with TG
(1 μM) in a Ca2+-free medium resulted in a similar increase in [Ca2+]c
due to the release of Ca2+ from intracellular stores (Figs. 1C and 5;
1.32 ± 0.04 and 1.35 ± 0.07 ΔF340/F380 in Cav1.2-expressing and
mock-transfected cells, respectively, n= 48–53), which indicates that
expression of Cav1.2 did not alter the ability of cells to accumulate
Ca2+ into intracellular stores. Stimulation with TG in the presence of
1 mM extracellular Ca2+ resulted in a rise in [Ca2+]c that was signiﬁ-
cantly greater in Cav1.2-expressing cells (Figs. 1D and 5; 1.77 ± 0.03
and 1.52 ± 0.08 ΔF340/F380 in Cav1.2-expressing and mock-transfected
cells, respectively, n = 82–91; p b 0.05). In the presence of nifedipine
and diltiazem, dihydropyridine and benzothiazepine, respectively,
L-type Ca2+ channel blockers, TG-evoked Ca2+ mobilization was similar
in Cav1.2-expressing andmock-treated cells. In the presence of nifedipine,
TG elicited a transient increase in [Ca2+]c of 1.50 ± 0.04 and 1.49 ± 0.06
ΔF340/F380 in Cav1.2-expressing and mock-transfected cells, respec-
tively, n = 65–71, while in the presence of diltiazem, TG-evoked
rises in [Ca2+]c of 1.54 ± 0.07 and 1.52 ± 0.03 ΔF340/F380 in Cav1.2-
expressing and mock-transfected cells, respectively, n = 49–58
(Figs. 1E and F and 6). Since nifedipine and diltiazem had no signiﬁcant
effects on TG-induced Ca2+mobilization in cells transfected with mock
plasmids, our results strongly indicate that the enhanced response to TG
in Cav1.2-expressing cells can be attributed to functional expression of
Cav1.2 channels.
3.2. Homer1 protein co-immunoprecipitates with the Cav1.2 α1 subunit
and STIM1 upon depletion of the intracellular Ca2+ stores
STIM1 has been reported to regulate Cav1.2 channels [12]. Hence, in
cells transiently expressing Cav1.2 we have explored the interaction of
STIM1 with the Cav1.2 channels by looking for co-immunoprecipitation
between STIM1 and the Cav1.2 α1 subunit. Immunoprecipitation and
subsequent SDS-PAGE and Western blotting were conducted using
resting cells and cells in which the intracellular Ca2+ stores had been
depleted by 1 min of pretreatment with TG (1 μM) in the presence of
extracellular Ca2+ (1 mM). After immunoprecipitation of cell lysates
with the anti-STIM1 antibody, Western blotting revealed the presence
of the Cav1.2α1 subunit in samples from store-depleted, but not resting
cells (Fig. 2A, top panel). These ﬁndings indicate that STIM1 interacts
with Cav1.2 channels expressed in HEK-293 cells upon Ca2+ store
depletion.Western blottingwith anti-STIM1 antibody revealed a similar
content of this protein in all lanes (Fig. 2A, bottom panel).
SinceHomer proteins have been reported to regulate Ca2+ entry sig-
nals bymodulating the interaction of STIM1with Ca2+ channels [14,15],
we have explored whether Homer1 proteins co-immunoprecipitate
with STIM1 and the Cav1.2 α1 subunits in lysates from HEK-293 cells
expressing Cav1.2 channels. As shown in Fig. 2B, top panel, immunopre-
cipitation of cell lysates with the anti-Homer1 antibody, followed by
Western blotting with anti-STIM1 or anti-Cav1.2 α1 subunit antibodies,
revealed the presence of the Cav1.2 α1 subunit in samples from store-
depleted, but not resting cells. The expression of STIM1 was detectable
in resting cells but the presence of STIM1 inHomer1 immunoprecipitatesFig. 2. Homer1 coimmunoprecipitates with STIM1 and the Cav1.2 α1 subunit upon Ca2+ store
At 72 h cells were resuspended in HBS containing 1 mM Ca2+ and stimulated for 1 min with
with anti-STIM1 antibody (A), anti-Homer1 antibody (B) or anti-Cav1.2 α1 subunit antibody (C),
antibody, as indicated. (D) Wild-type HEK-293 were suspended in HBS containing 1 mM Ca2+ a
were immunoprecipitated with anti-STIM1 antibody followed by Western blotting using anti-Ho
At 72 h cells were suspended in Ca2+-free HBS (100 μM EGTA added) and loaded with dimeth
HBS and then stimulated for 1 min with TG (+) or the vehicle (−), as control, and lysed. Cell ly
blotting using anti-STIM1 or anti-Homer1 antibody, as indicated. Membranes were reprobed wit
blots representative of ﬁve other experiments.was signiﬁcantly enhanced in cells pretreated for 1minwith TG.Western
blotting with anti-Homer1 antibody revealed a similar amount of this
protein in all lanes (Fig. 2B, bottom panel). Similarly, immunoprecipita-
tion of cell lysates with the anti-Cav1.2 α1 subunit antibody followed by
Westernblottingwith anti-STIM1or anti-Homer1 antibodies revealed in-
teraction of the Cav1.2 α1 subunit with STIM1 and Homer1 only upon
treatment with TG (Fig. 2C, top and middle panels). Western blotting
with anti-Cav1.2 α1 subunit antibody revealed a similar amount of this
protein in all lanes (Fig. 2C, bottom panel).
In order to test whether the interaction of Homer1 with STIM1
was dependent on the expression of Cav1.2 we analyzed the co-
immunoprecipitation of Homer1 with STIM1 in wild-type HEK-293.
As reported in Fig. 2D, in the presence of 1 mM extracellular Ca2+,
Homer1 was detected in STIM1 immunoprecipitates from resting
cells and the association between both proteins was enhanced upon
treatment with TG; thus indicating that the interaction between both
proteins does not require the expression of Cav1.2 channel subunits.
We have further explored whether the interaction between Cav1.2
α1 subunit, STIM1 and Homer1 induced by TG was dependent on
changes in [Ca2+]c. To investigate this issue cells were loaded with the
intracellular Ca2+ chelator dimethyl-BAPTA and the experiments were
performed in the absence of extracellular Ca2+ (100 μM EGTA was
added). Dimethyl-BAPTA loading abolished TG-evoked rises in [Ca2+]c
(data not shown) and impaired co-immunoprecipitation of STIM1 and
Homer1 with the Cav1.2 α1 subunit (Fig. 2E).
3.3. Homers play an important role in the interaction between STIM1 and
Cav1.2 channels
Homer proteins have been reported to bind to the sequence PPXXF
through the EVH1 domain [17], a motif that is present in a variety
of Ca2+-handling proteins, including STIM1 [18]. In order to explore
whether Homer proteins are involved in the communication between
STIM1 and Cav1.2 channels we have impaired Homer function by intro-
ducing into cells the synthetic peptide PPKKFR, which emulates the
proline-rich sequences of the PPXXF motif. The PPKKFR peptide is
expected to interact with Homer proteins, impairing their interaction
with others proteins [26,27], as previously reported for the association
between STIM1 and Orai1 in human platelets [15]. As a control we
used the inactive peptide PPKKRR,whichdid not alter Ca2+mobilization
or protein interaction in the cells previously tested [15]. Introduction of
PPKKFR into cells signiﬁcantly reduced the association of STIM1 and
Homer1 induced by discharge of the intracellular Ca2+ stores, using
TG, as comparedwith cellswhere the negative control peptide (PPKKRR)
was introduced and control cells (not incubatedwith peptides but other-
wise treated as PPKKFR-transfected cells) (Fig. 3A top panel; p b 0.05;
n = 6). Similarly, the PPKKFR peptide signiﬁcantly attenuated the
association between Homer1 and the Cav1.2 α1 subunit evoked by TG
as compared both with cells transfected with PPKKRR and control cells
(Fig. 3A middle panel; p b 0.05; n= 6).
Since the peptide PPKKFR efﬁciently impaired the association of
Homer1 with STIM1 and the Cav1.2 α1 subunit, we further assessed
whether Homer proteins are relevant for the interaction of STIM1
with Cav1.2 channels. To investigate this issue, we introduced the
PPKKFR peptide into cells expressing the Cav1.2 channel and we looked
for co-immunoprecipitation between STIM1 and the Cav1.2 α1 subunit
in lysates from resting cells and cells treated with TG for 1 min todepletion. (A–C) HEK-293 cells were transfected with Cav1.2 subunits α1, β2 and α2δ–1.
TG (+) or the vehicle (−), as control, and lysed. Cell lysates were immunoprecipitated
followed by Western blotting using anti-Cav1.2 alpha1 subunit, anti-Homer1 or anti-STIM1
nd stimulated for 1 min with TG (+) or the vehicle (−), as control, and lysed. Cell lysates
mer1 antibody. (E) HEK-293 cells were transfected with Cav1.2 subunits α1, β2 and α2δ–1.
yl-BAPTA, as described under Material and methods. Cells were resuspended in Ca2+-free
sates were immunoprecipitated with anti-Cav1.2 α1 subunit antibody followed by Western
h the immunoprecipitating antibody for protein loading control. The panels showWestern
Fig. 3. The PPKKFR peptide impairs the association between STIM1 and the Cav1.2 α1 subunit upon Ca2+ store depletion. HEK-293 cells were transfected with Cav1.2 subunits α1, β2 and
α2δ–1 or mock plasmid in the absence or presence of 1 μM PPKKRR peptide, 1 μM PPKKFR peptide or the vehicle. 72 h after transfection cells were resuspended in HBS containing 1 mM
Ca2+ and stimulated for 1 min with TG (+) or the vehicle (−), as control, and lysed. Cell lysates were immunoprecipitated with anti-Homer1 antibody (A) or anti-STIM1 antibody (B),
followed byWestern blotting using anti-Cav1.2α1 subunit antibody (A and B) or anti-STIM1 antibody (A). Membraneswere reprobedwith the immunoprecipitating antibody for protein
loading control. The panels show Western blots representative of ﬁve other experiments. Histograms represent the association between Homer1 and STIM1, Homer1 and the Cav1.2
subunit α1 or STIM1 and the Cav1.2 subunits α1, as indicated in the label of the Y axes, relative to control (resting cells; for the interaction between Homer1 and STIM1) or TG-evoked
response (for the interaction between the Cav1.2 subunits α1 and Homer1 or STIM1). *p b 0.05.
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Fig. 4. The PPKKFR peptide enhances nifedipine-sensitive Ca2+ entry upon Ca2+ store depletion in Cav1.2 expressing cells. HEK-293 cells were transfectedwith Cav1.2 subunitsα1, β2 and
α2δ–1 ormock plasmid in the absence or presence of 1 μMPPKKRR peptide, 1 μMPPKKFR peptide or the vehicle. 72 h after transfection cells were loadedwith fura-2 and resuspended in
HBS containing 1 mM Ca2+. Cells were preincubated for 10 min in the absence or presence of 0.5 μM nifedipine, as indicated, and stimulated with TG (1 μM). Elevations in [Ca2+]c were
monitored by using the 340-to-380 nm ratio as described in Material and methods. Traces shown are representative of six independent experiments.
Fig. 5. SiRNAHomer1 enhances nifedipine-sensitive Ca2+ entry uponCa2+ store depletion inCav1.2 expressing cells. HEK-293 cellswere transfectedwith Cav1.2 subunitsα1,β2 andα2δ–1
ormock plasmid, aswell as with siRNAHomer1 or scramble plasmid (Sc plasmid). 72 h after transfection cells were subjected toWestern blottingwith anti-Homer1 antibody (A) orwere
resuspended inHBS containing 1mMCa2+ and stimulated for 1minwith TG (+) or the vehicle (−), as control, and lysed. Cell lysateswere immunoprecipitatedwith anti-STIM1 antibody
followed byWestern blotting using anti-Cav1.2α1 subunit antibody (B). Membranes were reprobed with the immunoprecipitating antibody for protein loading control. The panels show
Western blots representative of three other experiments. (C) 72 h after transfection cells were loadedwith fura-2 and resuspended inHBS containing 1mMCa2+. Cells were preincubated
for 10min in the absence or presenceof 0.5 μMnifedipine, as indicated, and stimulatedwith TG (1 μM). Elevations in [Ca2+]cweremonitoredbyusing the 340-to-380nmratio as described
in Material and methods. Traces shown are representative of four independent experiments.
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noprecipitation of cell lysates with the anti-STIM1 antibody, Western
blotting revealed the presence of the Cav1.2 α1 subunit only in samples
from store-depleted, but not resting cells (Fig. 3B, top panel). Treatment
with the PPKKFR peptide signiﬁcantly reduced the detection of the
Cav1.2α1 subunit in STIM1 immunoprecipitates as compared to control
cells as well as cells treated with the negative control peptide, PPKKRR
(Fig. 3B, p b 0.05; n= 6). These ﬁndings indicate that Homer1 plays a
relevant role in the interaction between STIM1 and Cav1.2 channels.
3.4. STIM1 negative regulation of Cav1.2 channels involves Homer1
We have further investigated the effect of impairing the association
between STIM1 and Cav1.2 channels by PPKKFR on TG-evoked Ca2+
mobilization in cells expressing Cav1.2 channels and controls. As
shown in Fig. 4A, introduction of the PPKKFR peptide into cells resulted
in a signiﬁcant increase in the rise in [Ca2+]c induced by TG in cells
expressing Cav1.2 channels (2.53 ± 0.09 ΔF340/F380; n = 63), as
compared to cells treated with PPKKRR (1.83 ± 0.10 ΔF340/F380;
n = 55; Figs. 4A and 6; p b 0.05). These ﬁndings strongly indicate
that STIM1 negatively regulates Cav1.2 channel function, as previously
reported [12], with the participation of Homer proteins. Treatment
with the PPKKFR peptide signiﬁcantly attenuated TG-induced Ca2+
mobilization in cells not transfected with Cav1.2 channel subunits
(1.43 ± 0.04 ΔF340/F380; Figs. 4B and 6; n = 46), as compared with
cells not treated with PPKKFR (1.52 ± 0.08 ΔF340/F380; Figs. 4B and 6;
p b 0.05; n = 49), while PPKKRR was without effect (1.53 ± 0.03
ΔF340/F380; Figs. 4B and 6; n= 39), which is consistent with previous
studies reporting that Homer proteins are important for store-operated
Ca2+ entry (SOCE) [14,15,28].
Furthermore, we tested whether the increased response to TG in
cells expressing Cav1.2 channel subunits was dependent on the activity
of Cav1.2 channels by using nifedipine. As expected, in cells transfected
with mock plasmids and treated with PPKKFR in combination with
nifedipine, TG-evoked Ca2+ mobilization (1.42 ± 0.06 ΔF340/F380)Fig. 6. Mean values of TG-induced Ca2+ mobilization in the presence of the PPKKFR
peptide and nifedipine. HEK-293 cells were transfected with Cav1.2 subunits α1, β2 and
α2δ–1 or mock plasmid in the absence or presence of 1 μMPPKKRR peptide, 1 μMPPKKFR
peptide or the vehicle, as well as with, siRNA Homer1 or scramble plasmid, as indicated.
After 72 h, cells were loaded with fura-2 and resuspended in HBS containing 1 mM
Ca2+ or in a Ca2+-free HBS (200 μM EGTA added), as indicated. Cells were preincubated
for 10 min in the absence or presence of 0.5 μM nifedipine, as indicated, and stimulated
with TG (1 μM). Histograms indicating the percentage of Ca2+ mobilization relative to
their control (TG-induced Ca2+ mobilization in a Ca2+-free medium in cells transfected
with mock plasmids). Ca2+ mobilization was determined as described in the Materials
and methods section. Values are means ± S.E.M.; signiﬁcance values indicate differences
compared with control. *p b 0.05.was not statistically different from that observed in cells treated with
PPKKFR alone (Figs. 4B and 6; n = 47). Interestingly, nifedipine
abolished the effect of PPKKFR in cells expressing Cav1.2 channel
subunits, so that TG-induced Ca2+ mobilization in the presence of
PPKKFR and nifedipine was similar to that observed in cells treated
with nifedipine alone (1.51 ± 0.06 ΔF340/F380; Figs. 1E vs 4B and 6;
n = 55), thus, indicating that the effect of PPKKFR on TG-evoked
response in Cav1.2-expressing cells was entirely dependent on the
Cav1.2 channel function.
We have further explored the role of Homer1 in the regulation of
Cav1.2 channel by STIM1 by using siRNA Homer1. As shown in Fig. 5A,
cell transfection with siRNA Homer1 reduced the expression of
Homer1 72 h after transfection by 67%. Silencing Homer1 expression
signiﬁcantly reduced the co-immunoprecipitation of the Cav1.2 α1
subunit with STIM1 stimulated by TG by 74% (Fig. 5B; top panel;
p b 0.05) and enhanced the rise in [Ca2+]c induced by TG in cells
expressing Cav1.2 channels to 2.49 ± 0.09 ΔF340/F380 (p b 0.05;
n = 61) as compared to scramble plasmid (1.82 ± 0.08 ΔF340/F380;
n = 68), an effect that was prevented by treatment with nifedipine
(1.48 ± 0.07 ΔF340/F380; Figs. 5C and 6; p b 0.05; n = 42). These
ﬁndings further support that STIM1 negatively regulates Cav1.2 channel
function, which requires functional Homer1 proteins.
4. Discussion
It is widely accepted that SOCE is a major Ca2+ entry pathway in
non-electrically excitable cells, while Ca2+ entry through voltage-
gated channels is a key component of Ca2+ signals in electrically excit-
able cells. However, current evidence has revealed the functional
expression of L-type voltage-operated Ca2+ channels, including
Cav1.2, in non-excitable cells such as T and B lymphocytes and mast
cells [13,29–31]. STIM1 is an essential element in the modulation of
agonist-induced Ca2+ signals. It has been reported that STIM1 senses
the Ca2+ concentration into the Ca2+ stores through the intraluminal
EF-hand domain and has been hypothesized to interact directly and
activate Orai1 channels, as well as different TRPC members [9,10,32,
33]. In contrast, current evidence supports that STIM1 interact with
Cav1.2 channels through the cytosolic SOAR region and suppresses its
activity [12].
Upon Ca2+ store discharge, STIM1 clustering underneath the plasma
membrane directly opposite to the Ca2+ channels has been found to be
supported by intracellular components, including the microtubule-
plus-end-tracking protein EB1, which binds STIM1 after store depletion
allowing accumulation of STIM1 at the sites where microtubule ends
contact with the ER [34]. The interaction of STIM1 with SOC channels
has also been reported to be supported by scaffolding proteins of the
Homer family [14,15]. Here, we demonstrate for the ﬁrst time the
involvement of Homer proteins in the interaction between STIM1 and
Cav1.2 in cells transiently expressing Cav1.2 channels. Our results reveal
that Homer1 protein associateswith both STIM1 and the Cav1.2 channel
upon Ca2+ store depletion and not at resting conditions. Transient
expression of Cav1.2 channel subunits results in a signiﬁcant increase
in Ca2+ entry induced by TG as compared to mock-treated cells, which
is likely attributed to secondary activation of Cav1.2 channels induced
by cation inﬂux via SOCs, as previously described [35]. Interference
with Homer function by using the PPKKFR peptide, which mimics
the high afﬁnity binding sequence PPXXF, or attenuating the Homer1
expression using siRNA, results in impairment of the association
between STIM1 and Cav1.2 channels, which, in turn, removes the
inhibitory effect of STIM1 on Cav1.2 channel activity, thus resulting
in a further and signiﬁcant increase in [Ca2+]c in response to Ca2+
store depletion. Therefore, our ﬁndings support previous studies indi-
cating that STIM1 suppresses the function of Cav1.2 channels [12].
The negative control peptide PPKKRR induces no signiﬁcant effects
on TG-induced Ca2+ mobilization or protein–protein interaction. Our
results also conﬁrm in HEK-293 cells that Homer proteins are required
1153N. Dionisio et al. / Biochimica et Biophysica Acta 1853 (2015) 1145–1153for full activation of SOCE, a requirement previously reported in human
platelets [15], since the PPKKFR peptide attenuated TG-induced Ca2+
entry in control cells.
Summarizing, we provide evidence for a role of Homer proteins,
most likely including Homer1, in the association of STIM1 and the
Cav1.2 channel, which seems to be an important event for the mecha-
nism of regulation of Ca2+ entry via Cav1.2 channel upon Ca2+ store
discharge.
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